Heat loads deposited on the first wall by mitigated Type I ELMs are expected to be the dominant contributor to the total thermal plasma wall load of the International Thermonuclear Experimental Reactor (ITER), particularly in the upper main chamber regions during the baseline H-mode magnetic equilibrium, due to the fast radial convective heat propagation of ELM filaments before complete loss to the divertor. Specific Type I ELMing H-mode discharges have been performed with a lower single null magnetic geometry, where the outboard separatrix position is slowly ( ∼7 s) scanned over a radial distance of 7 cm, reducing the wall probe-separatrix distance to a minimum of ∼9 cm, and allowing the ELM filament heat loss to the wall to be analyzed as a function of radial propagation distance. A fast reciprocating probe (FRP) head is separately held at fixed position toroidally close and 4.7 cm radially in front of the wall probe. This FRP monitors the ELM ion fluxes, allowing an average filament radial propagation speed, found to be independent of ELM energy, of 80-100 ms −1 to be extracted. Radial dependence of the peak filament wall parallel heat flux is observed to be exponential, with the decay length of λ q, ELM ∼25 ± 4 mm and with the heat flux of q , ELM = 0.05 MWm −2 at the wall, corresponding to q ∼ 7.5 MWm −2 at the second separatrix. Along with the measured radial propagation speed and the calculated radial profile of the magnetic connection lengths across the SOL, these data could be utilized to analyze filament energy loss model for the future machines.
Introduction
Edge localized modes (ELMs) are periodic relaxation phenomena due to the steep edge gradients of plasma pressure and lead to ejection of high energy and particles. In recent years, which are the intermittent filamentary structure of ELM filaments during ELMs has been observed in the edge plasma and scrape-off layer (SOL) [1] [2] [3] [4] [5] [6] [7] . These ELM filaments, with higher density than ambient plasma, are mostly extended along the magnetic field lines, and partially propagate outward to the wall due to negative curvature and gradient related with E × B drift [8, 9] .
Since Type I ELM heat flux mainly reaches along the field lines to the divertor plates, heat fluxes on the first walls of present tokamaks would be negligible. However, if the heat flux of ELM filament exceed the thermal limitation of divertor ( ∼20 MW/m 2 for W and CFC) and first wall ( ∼0.5 MW/m 2 for Be mockups) [10, 11] due to fast radial convective transport of ELM filament [12] , it would cause severe damage to the first wall in advanced tokamaks such as ITER and DEMO reactors. The specific parameters of ELM filaments such as density and temperature would be essential not only to understand the basic mechanisms of ELM filaments and their radial transport but also to estimate the damage to the first wall for the extrapolation to future devices.
Propagation of ELM filament is analyzed by the fast camera and FRP in MAST [1] . A comparison between ELM filament transport at high and low field side SOL is carried out in JT-60U [13] . In DIII-D, far SOL transport and plasma interaction with the main wall have been investigated [6] . Characteristics of ELM filament and far SOL transport have been investigated by electric probes in ASDEX Upgrade [3] [4] [5] . Recently, particle and heat fluxes in the far SOL have been studied using fast reciprocating probe (FRP) and Thomson scattering in ASDEX Upgrade [14] . So far, a number of studies have been reported ELM filament transport in SOL and far SOL, but understanding of effect of ELM filament on the first wall is still limited.
In this paper, the results of first measurements of heat fluxes toward the first wall of KSTAR device by electric probes are presented. Poloidal electric probes (PEPs), installed on the outer main chamber wall of KSTAR, are used to measure the far-SOL plasma parameters such as plasma density, electron temperature, ion saturation current, parallel Mach number and floating potential. From these measurements, ELM filament parameters such as heat and particle fluxes, radial velocity are calculated, and the effect of ELM filament on the first wall are analyzed. In addition, a separate FRP head is held at a fixed position in front of the wall probe. This FRP monitors the ELM ion fluxes, allowing an average filament radial propagation speed, found to be independent of plasma radial position.
Experiment
We have installed a poloidal electric probe (PEP) set for the measurement of far-SOL parameters of KSTAR, which is composed of 8 electric probes on a rectangular plate with 125 × 280 mm 2 . The probe tips are made of carbon fiber composite and insulated by boron nitride covers. The diameter of each probe tip is 4 mm and the tip is protruded 1 mm from the graphite cover tile surface. PEPs are fixed on the outboard midplane wall and located 7.5 cm behind the outboard toroidal limiters, which is also located ∼16 cm behind from the typical separatrix position of KSTAR diverted plasmas as shown in Fig. 1 . Probe tips are arranged poloidally to be composed of two triple probes and one Mach probe, which allowed direct measurements of electron temperatures, particle and heat fluxes, and Mach numbers at far SOL region with a fast acquisition rate of 2 MHz. Detail structure of the PEP assembly is shown in Fig. 1 .
As for the triple probe system, a fixed bias voltage −200 V was applied to the two probes ( p 1 and p 3 ), and the other probe ( p 2 ) was for measuring the floating potential ( V f ). Potential difference between the p 1 and floating probe p 2 is proportional to the electron temperature ( T e ), which is given by simple formula as
where V 1 is positive bias voltage of p 1 . Assuming T e ≈ T i at the edge plasma, the plasma density ( n e ) is given by n e = I is ( αe A e f f T e / M i ) , where I is , M i , A eff and α are ion saturation current, ion mass, effective projected area for parallel flow and coefficient of I is (for magnetized plasma, α ≈ 0.49), respectively. Parallel particle flux ( ) and heat flux ( q ) can be derived using following equations:
= I is /e A e f f and q = γ s T e I is /e A e f f , where γ s is the sheath transmission coefficient as given in γ s = 7 , although the average value of various tokamaks is to be given as γ s = 6 [15] .
Analysis

Radial propagation of ELM filament
Cross-field transport of heat and particles were experimentally observed by an electric probe on outboard midplane wall (PEP). midplane (refer to Fig. 1 ), we can know considerable number of filaments do not hit the limiter, by comparison of probe signal at the wall with ELM peaks in D α signal which came out from the plasma. ELM filament structures were observed clearly by PEP because the background plasma density and electron temperature at far-SOL are much lower than those of ELM filament. Since the probes are fixed on the wall to investigate the radial propagation of ELM filament on the main wall, we have slowly changed the outboard separatrix position in the radial direction for 7 s during an ELMy H-mode discharge with the following conditions of shot 13117: I P = 600 kA, B T = 2.7 T, n e = 1.8 − 4 × 10 19 m −3 , P NB = 4.5 MW, κ ∼1.6, W Plasma = 30 0-40 0 kJ, H-mode flattop phase ∼10 s, midplane separation between primary and secondary separatrices ∼1 cm. The distance between the separatrix and PEP was varied from 9 to 16 cm, which produced the changed of the separatrix to be 7 cm. The position of the separatrix was verified by using the equilibrium reconstruction code (EFIT). The error of EFIT on radial position control of LCFS is within 1 cm. Fig. 2 (a) shows typical parameters of ELM filament structures based on time trace of magnetic fluctuation, D α signal and ion saturation current signal. D α and magnetic signal which was measured by Mirnov coil were used to match the filament peaks to those of probe signals. This Mirnov coil is mounted behind PFC tiles in outboard divertor region which is near the midplane and probes. In Fig. 2 (b) , ion saturation currents were measured with noticeable change during movement of the separatrix. A drastic increase of I is was observed as separatrix approached to the wall around 4.5 s ( r s ∼ 2270 mm). Peak ELM heat and particle fluxes which are calculated by measurement of I is ( Fig. 2 (b) ) were analyzed as a function of radial propagation distance as shown in Fig. 4 . r s is gap distance between moving separatrix and fixed PEP. Radial dependence of the peak filament heat flux, parallel transport to the wall were reasonably fitted into exponential functions, and the decay lengths of heat and particle fluxes were formed to be λ q, ELM = 25 ± 4 mm and λ , ELM = 31 ± 1 mm, respectively. Absolute values of heat and particle fluxes were also given as q , ELM = 0.05 MWm −2 and , ELM = 3 × 10 21 m −2 s −1 at the wall. The deduced decay length of heat flux is comparable to those of AUG device ( ∼2-30 mm) [3] . One has to keep in mind that the change of r s not only can affect the plasma density and temperature at the separatrix, but also in the near and far-SOL, which can influence filament dynamics [16] .
Velocity of ELM filament
Radial velocities of ELM filament were measured from the time delay between two radially separated electric probes, PEPs and FRP. An FRP head is held at a fixed position toroidally close to PEP and 4.7 cm radially in front of the PEP. In Fig. 3 (a) , signals of ion saturation currents from both FRP and PEP show a good correlation of the ELM structures on the ion saturation current measurement. Approximately 200 ELM filament peaks, which can be clearly identified and corresponded with D α , were selected and these data were averaged over 4 ms centered on the D α peak as shown in Fig. 3 (b) . There is a time delay of ∼ 0.5 ms between first large filament peaks of both probes. From the time delay and difference of distance, radial ELM filament velocity can be deduced as 80-100 ms −1 . is strongly correlated with the particle flux of filaments and separatrix position, while it is weakly correlated with the heat flux. In addition, radial propagation of ELM filament can be derived
, where τ and L are time scale for transport and parallel connection length, q is the safety factor, C s is ion sound speed [2] , estimated assuming T e = T i = 10 eV which is measured by PEP. The radial velocity In order to investigate the correlation with v r _ ELM and W ELM / W tot , the radial velocity has been obtained from 8 discharges, which contains about 200 ELMs in each discharge, with different plasma current ( I P = 400-750 kA), at the same separatrix position. The average ELM energy loss is determined from the drop of total stored energy ( W tot ) during ELMs. 
Energy loss to the wall by ELM filament
Total ELM energy deposition to the wall can be derived as W wal l _ ELM = q ⊥ S out t ELM , where S out is approximated by the total area of midplane outer wall (13.3 m 2 ) and q ⊥ t ELM ( q ⊥ = q sinθ , θ ≈ 5 °) is calculated by integrating the heat flux as a function of time measured by PEP. The same method as used to determine the radial velocity is utilized to find the ELM peaks in heat flux data. The average energy of eight discharges, deposited on the first wall by the filament ( W wal l _ ELM ) during the flat-top phase, is 1 ± 0.3 kJ, which is significantly lower than those of divertor targets. Since, ELM energy ( W ELM ) ejected from the core plasma is generally 5-10 kJ in KSTAR, the ratio of energy deposited on the wall to the ELM energy loss ( W wal l _ ELM / W ELM ) is about 15%. Then ratio of the ELM deposited energy on the wall to the total stored energy of plasma, W wal l _ ELM / W tot is about 0.5%. If we simply extrapolate this ratio to the case of ITER, with 100 MJ plasma energy, deposited energy by ELM on outer midplane wall can be about 2.5 MW/m 2 (assuming outer midplane wall area is ∼200 m 2 , ELM duration is 1 ms), which does not exceed thermal limitation of Be, which indirectly validates the results of Kocan's: neither melting nor significant evaporation of Be [17] .
Conclusion
To investigate the ELM filamentary phenomena in the far SOL of KSTAR during type-I ELMs, poloidal electric probes (PEPs) were used and measured the far-SOL plasma parameters such as electron temperature, plasma density, heat and particle flux, and radial 
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JID: NME [m5G; May 2, 2017; 10:28 ] velocity of ELM filaments to the wall by the configuration of two triple probes and one Mach probe. During the slow change of separatrix position by 7 cm, the radial decay length of heat and particle fluxes are deduced as λ q, ELM = 25 ± 4 mm and λ , ELM = 31 ± 1 mm, respectively. The mean radial velocity of ELM filaments for eight discharges are measured as 80-100 ms −1 by the time of flight method with two radially separated electric probes, PEPs and FRP, which a fixed in far-SOL region. Radial velocity of the filaments have been also calculated as ∼200 ms −1 by TOF method, i.e., using the time delay between start of magnetic fluctuation signal and PEP signal, which seems to indicate the faster formation of filaments inside the pedestal far from the separatrix than the departure of the filaments from the separatrix. These radial velocities of ELM in KSTAR are smaller than the other tokamaks, e.g. MAST [1] , AUG [5] and JET [18] , because this result is based on the measurements in the far-SOL region. Therefore, energy loss of the ELM filament will be larger and it can have a relatively smaller value than the other tokamaks. Moreover, typical ELM and plasma energy in KSTAR is smaller than the other tokamaks.
Radial velocity is strongly dependent upon the particle flux of filament and separatrix position, while it is weakly dependent upon the heat flux. Besides, v r _ ELM seems to be independent of the ratio of ELM energy loss to the total stored energy ( W ELM / W tot ). From the heat flux measurement, energy deposition to the wall due to convective transport of ELM filament is estimated as 0.5% of the total stored energy, which could be utilized to energy loss transport model for the application to ITER [17, 19] .
